In the event of an influenza pandemic, two doses of a killed vaccine would be needed to protect an immunologically naïve human population, but the delay associated with a prime-boost regimen would result in many casualties. Even if a single dose of an inactivated vaccine could be used, demand is likely to exceed production capabilities because of the large antigenic dose needed and the lack of infrastructure required to scale up vaccine production. Vaccination trials with unadjuvanted killed avian influenza virus have suggested that up to six times the normal antigen amount is needed to achieve effective protection, in part due to the lack of prior immunity to the avian subtypes (19) . Trials using a killed-virus formulation with relatively small amounts of antigen combined with aluminum hydroxide adjuvant have been disappointing, as the most promising results still required two inoculations and up to twice the normal antigen dose (12, 33, 48) . The predicted shortage may also be compounded by the low yield of modified H5N1 viruses in eggs (47) .
Modified live-vaccine formulations, alternate routes of administration, and/or the use of novel adjuvants for influenza vaccination may therefore have to be pursued to meet the needs during an influenza pandemic. One advantage of live attenuated vaccines lies in their ability to replicate and provide exposure to large amounts of antigens despite a low starting dose; another advantage is the significant levels of mucosal immunity induced through local production of immunoglobulin A (IgA) at viral replication sites (17) . Exposure to a modified live virus may also be partially protective across several strains or subtypes through cell-mediated and humoral responses, since internal proteins of influenza viruses share a high degree of conservation (3, 11, 36) . Cold-adapted live attenuated vaccines, produced by reassortment of the genes encoding the surface proteins of the circulating strains with those encoding the internal proteins of a cold-adapted attenuated strain, have offered significantly better protection than killed vaccines in children (7) . In elderly people, a combination of live and killed vaccines has proven more efficacious than killed vaccine alone (17) . Although these cold-adapted vaccines have been shown to be safe and effective for a majority of people, they still require large amounts of viruses per vaccine dose, and improvements might be possible if novel vaccines that require lower antigenic doses to induce a more robust immune response are developed, particularly for the elderly.
New approaches to attenuate live viruses are currently being investigated. Nonstructural protein 1 (NS1) truncation to attenuate influenza viruses has suggested that critical and apparently species-specific functions of NS1 inhibit cellular interferon responses and promote viral replication through a variety of molecular interactions (1, 6, 21, 23, 24, 29, 32, 34, 39, 40, 45, 46, 49, 50, 52) . NS1 also appears to negatively affect dendritic cell maturation, resulting in suppression of the adaptive immune response (15, 22, 30, 31) and implying that impairment of NS1 function may enhance adaptive immunity. The present study is the first in vivo demonstration of the potential of NS1-truncated influenza viruses as modified live vaccines in a macaque model. This influenza virus macaque model was shown in prior studies using the mildly pathogenic Texas strain to reproduce human pathology and immune responses very well (2, 4) . Macaques, which are among the closest genetic relatives to humans after great apes, can be infected with human influenza virus without prior adaptation and share other key features with humans, such as lung physiology, size, anatomy, and posture. The availability of a macaque-specific oligoarray has also allowed detailed functional genomic studies in the past.
MATERIALS AND METHODS
Animals. Eight female and four male adult pigtailed macaques (Macaca nemestrina), ranging in age from 3.3 to 18 years and in weight from 6.7 to 17.5 kg, were obtained for this study from the Washington National Primate Research Center. All preassignment screening, husbandry, animal handling, and biosafety procedures were performed as previously described (31, 32) , in accordance with guidelines approved by the University of Washington Environmental Health and Safety Committee, the Occupational Health Administration, the Primate Center Research Review Committee, and the Institutional Animal Care and Use Committee.
Viruses and vaccine preparation. The H1N1 human influenza viruses used in this study, a reconstructed wild-type influenza A/Texas/36/91 (wtTX91) virus and a modified live version of the same containing a truncated NS1 gene coding for the first 126 amino acids (TX91 NS1OE126), were generated from plasmid DNA, propagated, concentrated, and purified as previously described (45) . The wtTX91 and TX91 NS1OE126 virus stocks had titers of 3 ϫ 10 8 PFU/ml and 1 ϫ 10 8 PFU/ml, respectively. Sequences of both viruses were confirmed by reverse transcription-PCR (RT-PCR) and sequence analysis.
For production of the formalin-inactivated wtTX91 vaccine, the wtTX91 virus was concentrated and purified by centrifugation of infected allantoic fluid through a 30% sucrose density gradient before resuspension in calcium borate buffer. The purified virus was adjusted to a protein concentration of 1 mg/ml and treated with 0.025% formalin at 4°C for 3 days. Protein concentrations were measured and standardized based on the optical density at 280 nm, Bio-Rad protein assay (Bio-Rad), and hemagglutinin (HA) units. The inactivated vaccine stock contained 45 g of HA protein (6,000 HA units) per 150-l dose. Hemagglutination titers were indicative of the presence of conformationally active antigen in the vaccine preparations. Additionally, inactivation of the killed virus was confirmed by the absence of viral growth following inoculation of embryonated eggs.
Animal protocol. The animal protocol was adapted from the work of Rimmelzwaan et al. (42) (43) (44) and was based on our previous work (2, 4) . Briefly, the 12 animals were assigned to four experimental groups and were matched for age, weight, and gender to the extent possible. One group (L; n ϭ 6) was vaccinated with the TX91 NS1OE126 virus, one group (K; n ϭ 4) was vaccinated with the formalin-killed wtTX91 virus, and one group (N; n ϭ 2) was not vaccinated. Two of the "L" animals were never challenged and were sacrificed on day 4 postvaccination (referred to hereafter as day 4). All other animals were challenged on day 21 and sacrificed on day 25, as shown in Fig. 1 . Vaccination with the TX91 NS1OE126 virus and challenge with the wtTX91 virus were done with 6 ϫ 10 7 PFU intratracheally, on tonsils and conjunctivae (2, 4) . Vaccination with the formalinkilled wtTX91 virus was done by intramuscular injection of 150 l of preparation at 1 mg/ml viral proteins, corresponding to 45 g of HA, which is three times the amount present in the commercial trivalent human vaccine for each virus component.
Animals were monitored as previously described (2, 4, 51) . Peripheral blood was collected on days 0, 21, and 25 for determination of antibody titers to wtTX91 or to TX91 NS1OE126 by hemagglutination inhibition and by IgG antibody enzyme-linked immunosorbent assay (ELISA) (26) . Influenza virus-specific T cells in peripheral blood mononuclear cells were measured on day 25. This was achieved by culture of peripheral blood mononuclear cells with 10 7 PFU of wtTX91 per 2 million cells, followed by treatment with brefeldin A to prevent secretion of cytokines. Cells were then surface stained for CD3, CD4, and CD8 and subjected to intracellular staining for gamma interferon. Flow cytometric data were acquired on an LSR-II or FACScanto flow cytometer (BD Biosciences, San Jose, CA), and data analysis was done using Flo-Jo software (Tree Star, Inc., Ashland, OR).
FIG. 1. The study consisted of six animals receiving a live attenuated influenza virus vaccine (A/Texas/36/91; NS1 truncated), four animals receiving a killed influenza virus vaccine (formalin-killed wtTX91), and two animals receiving no vaccine on day 0. Two of the animals that received the live vaccine were sacrificed on day 4. The remainder of the animals were sacrificed on day 25, which was also 4 days after challenge with a 10
Bronchial brush biopsies were taken by bronchoscopy on days 0, 2, 21, and 23 (2.00-mm bronchial cytology brush; Telemed Systems, Inc., Hudson, MA) and were flash frozen until being processed for expression arrays. Finally, the presence or absence of viral shedding was determined by viral isolation from nasal and pharyngeal swabs (Fig. 1) .
Our previous studies (2, 4) demonstrated that acute lung pathology due to mildly pathogenic influenza virus infection peaks at or around day 4 and that by day 7 the lesions are resolving and the virus is largely cleared. This is also consistent with the kinetics of lung pathology induced by other respiratory viral infections in other animals (8) . This knowledge formed the rationale for terminating the animals at the peak of the infection to allow for a direct comparison of viral loads in vaccinated versus nonvaccinated animals at this key point of the infection. At necropsy, all tissues were examined grossly and lung tissue was harvested, particularly from those areas within or near gross lesions. Other tissues harvested included tracheobronchial lymph nodes, tracheas, and tonsils. All samples not set aside for arrays were either snap frozen for viral isolation or fixed in 10% formalin for histology and immunohistochemistry (IHC). Methods for viral isolation, histopathology, and IHC for staining of influenza virus NP antigen were previously described (4). Staining for mature dendritic cells (CD83 ϩ ) in lungs and tracheobronchial lymph nodes was done using a standardized protocol for formaldehyde-fixed tissues involving antigen retrieval, several blocking steps, and a 2-h incubation with Tissue processing and analysis for qRT-PCR and macaque oligonucleotide arrays. Tissue samples were processed and total RNA extracted and purified for quantitative real-time RT-PCR (qRT-PCR) and macaque oligonucleotide arrays as previously described (2, 4) . Oligonucleotide array analyses (experiments) consisted of hybridization of individual lung samples from infected animals to pooled lung samples from mock-infected animals from a prior study (2) . Prior to inclusion in the array experiments, samples from experimental animals were selected for evidence of active infection by qRT-PCR for viral HA mRNA of TX91 when any could be found in clinically and pathologically relevant samples. RNAs from bronchial brush biopsies from randomly selected animals in each group on days 2, 21, and 23 were hybridized against a pool from all animals on day 0.
In accordance with proposed standards (10), all data described in this report, including sample information, intensity measurements, gene lists, error analysis, microarray content, and slide hybridization conditions, are available through Expression Array Manager at http://expression.viromics.washington.edu.
RESULTS
The TX91 NS1OE126 influenza virus caused no lung pathology. To evaluate NS1 truncation as a means of attenuating influenza viruses while maintaining immunogenicity, we vaccinated pigtailed macaques intratracheally with TX91 NS1OE126 virus and challenged the animals with the wild-type version 3 weeks later. To verify that the live attenuated virus caused little or no pathology or disease on its own in macaques, we sacrificed two animals on day 4, i.e., 4 days after vaccination. No significant macroscopic or microscopic lung pathology was seen in these animals ( Fig. 2A , left panel), and influenza virus antigen staining was minimal ( Fig. 2A, right panel) . This is in stark contrast to the pathology and antigen staining results observed on day 4 postinfection and later for macaques infected with the wild-type virus in the present and past studies (2, 4) . Animals vaccinated with the modified live vaccine had statistically significant but transient weight loss (Fig. 2B ) which was not accompanied by anorexia, again in contrast to the findings during infection with the wild-type Texas virus (4) . Animals vaccinated with the modified live vaccine had regained most of the weight by the time of challenge and went on to lose less weight after challenge than did animals in the other groups, but these differences were not statistically significant. No significant skewing of the data due to cycling of the sex skin in four of the seven females included in the study could be teased out of the statistical analysis. Bronchoscopic examination revealed mild inflammation in the upper respiratory tract from day 2 to day 4 ( Fig. 2C ), but no other upper or lower respiratory signs were observed, unlike during infection with the wild-type virus (2, 4) . This inflammation resolved by day 15, i.e., 6 days prior to challenge. Collectively, these results suggest that vaccination with the TX91 NS1OE126 virus causes a transient local and systemic inflammatory response consistent with a nonproductive respiratory infection and no lung pathology (Fig. 2) .
Vaccination with live TX91 NS1OE126 influenza virus prevented replication of wtTX91 in lungs of challenged pigtailed macaques and decreased respiratory tract inflammation and pathology. TX91 NS1OE126 virus-vaccinated animals were challenged on day 21 with wtTX91 virus. One group of animals that had received formalin-killed wtTX91 virus vaccine parenterally, at an antigenic dose equivalent to three times the trivalent commercial human vaccine dose, and one unvaccinated group were similarly challenged. The end point for the study was set at day 25, i.e., day 4 after challenge ( Fig. 1) .
HA mRNA levels in lung lesions showed considerably lower levels of active viral replication postchallenge in animals that had received the live NS1-truncated virus than those in animals vaccinated with the formalin-killed virus or not vaccinated at all (Fig. 3A) . Bronchoscopic examination showed less severe upper respiratory tract inflammation, defined as hyperemia, edema, and excessive serous or mucous secretions, in animals that had received the live-vaccine prototype (Fig. 4) . As in previous experiments (2, 4) , other clinical signs, such as weight loss and abnormal pulmonary auscultation findings, were subtle, without significant differences among groups. Active viral replication in nasopharyngeal passages and the lower respiratory tract was below the detection level of plaque assays, consistent with the mild nature of infection with wtTX91. Nevertheless, our previous work has shown that even minute amounts of viral mRNA have a pronounced effect on cellular gene expression in infected and adjacent tissues (2) .
Lung lesions, although present in the experimental group that received the TX91 NS1OE126 virus, were less extensive than those in other challenged animals. Macro-and microscopic lesions were rather heterogeneous in that group, but pathology ( Fig. 5A1 and A2 ) and influenza virus antigen staining ( Fig. 5B1 and B2 ) scores were consistently and significantly lower than those for the killed-vaccine ( Fig. 5C and D) and no-vaccine ( Fig. 5E and F) groups, as demonstrated with a one-way analysis of variance (ANOVA) on ranks (P Յ 0.01). These scores took into account whether the location of a positive influenza virus antigenic signal was in respiratory epithelial cells or in phagosomes of macrophages and therefore were augmented by evidence of an active infection at day 25 (4 days postchallenge) for the killed-and no-vaccine groups ( Fig. 5D  and F) . A series of pairwise comparisons (Student-NewmanKeuls method; P Յ 0.05) performed on influenza virus antigen staining scores also substantiated the difference between the live-and killed-vaccine groups after challenge, consistent with the qRT-PCR data, as well as the lack of significant differences between the killed-vaccine and the no-vaccine groups.
Vaccination with TX91 NS1OE126 virus resulted in cellular and humoral immunity. Subtyping of influenza virus-specific T lymphocytes in peripheral blood on day 25 as well as pre-and postchallenge serology validated the clinical, pathology, and virology data and suggested an explanation for those observations. Four days after challenge with wtTX91, the percentage of influenza virus-specific CD4 ϩ T lymphocytes was approximately seven times higher in the live-vaccine prototype group than in the other groups (Fig. 3B, left panel) . The higher relative abundance of CD4 ϩ T cells in the live-vaccine group was consistent with the much higher hemagglutination inhibition (Fig. 3C) and IgG (Fig. 3D ) titers in sera from this group before challenge on day 21 and, even more so, 4 days after challenge on day 25. Interestingly, animals in the killed-vaccine group had slightly higher percentages of influenza virus-spe-cific CD8 ϩ T cells after challenge than did animals in the live-vaccine prototype group (Fig. 3B, right panel) , perhaps reflecting differences in abundance of actively infected pneumocytes observed by influenza virus-specific antigen staining in lung tissues of the same animals. Unvaccinated animals had the lowest percentages of influenza virus-specific CD4 ϩ and CD8 ϩ T cells, most likely because they were unprimed and lacked the necessary time after challenge to mount an antigenspecific response. The percentages of CD4 ϩ and CD8 ϩ cells observed were consistent with previously reported data for humans exposed to influenza virus (18) .
Lungs of unvaccinated or killed-virus-vaccinated animals showed a stronger induction of the innate immune response gene profile after challenge. To highlight transcriptional differences between lungs of animals that had received the live attenuated vaccine prototype versus those that had received the killed vaccine, we performed a one-way ANOVA on the two sets of lung expression profiles obtained on day 25 (4 days after challenge). The results of this ANOVA were corrected using the Benjamini-Hochberg false discovery rate test for multiple testing, with a P value cutoff of 0.01, and genes were included in an unsupervised hierarchical cluster if they met the final criterion for inclusion, namely, a Ն2-fold change (P Յ 0.01) in at least three of the eight experiments. The resulting set of genes was used to produce side clusters illustrating transcriptional regulation of the same genes in animals from other experimental groups (Fig. 6 ). This analysis revealed that the genes most strongly induced in the killed-vaccine group and in those animals that had intermediate pathology in the live attenuated vaccine group were either interferon dependent or relevant to the innate immune response (Table 1) . There appeared to be a positive relationship between induc- tion of these genes and the severity of lung pathology or relative abundance of influenza virus mRNA. Not surprisingly, an opposite relationship was found with hemagglutination inhibition titers at the same time point. Gene expression profiles for animals that received the live attenuated vaccine but were not challenged and for challenged animals that received no vaccine were in overall agreement with these observations. Vaccination with the TX91 NS1OE126 influenza virus is associated with the presence of fewer mature dendritic cells in lung tissue but with stronger induction of an adaptive immune response after challenge. With the goal of better understanding the local response to the NS1-truncated virus, we stained lung sections in areas affected by the infection for the presence of CD83, a marker of dendritic cell maturation expressed as early as 4 h after internalization of foreign antigens for presentation to T cells either in situ or in local lymph nodes (13) . We found that activated dendritic cells were relatively scarce on day 25 (4 days postchallenge) in lung tissue of animals that had received the NS1-truncated vaccine (Fig. 7) . This presumably reflects the lack of active infection in lung tissue in these animals at the time of sacrifice (Fig. 3A) . Conversely, activated dendritic cells were abundant in lung tissue and less consistently found in tracheobronchial lymph nodes in animals that received either no vaccine or the killed vaccine, a finding compatible with ongoing viral replication and antigen internalization by dendritic cells in these animals.
At the same time, we mined lung transcriptional profiles for all experimental groups, with a focus on genes associated with induction of adaptive T-and B-cell responses. This analysis showed that in lung tissue, the induction of adaptive immunity was clearly stronger at 4 days postchallenge in animals that had received the live vaccine (Fig. 8) . Therefore, vaccination with the NS1-truncated virus not only produced a superior systemic neutralizing antibody response that reduced replication of the challenge virus but also induced a transcriptional response in situ consistent with stronger or earlier stimulation of a cellular immune response after challenge than that seen for the other groups. The timing of induction of genes with T-and B-cell stimulatory functions coincided with the early migration of dendritic cells away from the primary lesions.
Transcriptional regulation of tracheobronchial cells 2 days after vaccination with the TX91 NS1OE126 virus suggests strong induction of interferon pathways by the attenuated virus. In order to investigate possible mechanisms for the stronger antibody responses pre-and postchallenge associated with the TX91 NS1OE126 virus, we looked at transcriptional regulation in bronchial brush biopsies 2 days after vaccination of the live-vaccine, killed-vaccine, and no-vaccine groups. Bronchial cells sampled at the level of the carina or from primary bronchi were exposed only very briefly to the live attenuated vaccine during inoculation. Consistently, only one of the four animals in that experimental group showed the slight presence of viral mRNA by qRT-PCR at day 2 postvaccination (data not shown). Yet we found striking differences in transcriptional induction of interferon-sensitive genes at that time between bronchial epithelial cells sampled by brush biopsy from animals which had received the TX91 NS1OE126 virus as a live attenuated vaccine and those sampled from the other groups (Fig. 9, left cluster) . Since differences in these cells existed in the absence of active viral replication shortly after a brief exposure to the attenuated virus, it is possible that the diminished functionality of NS1 allowed a relatively exaggerated interferon response locally. Provided that what we observed in bronchial cells was representative of the events taking place at the same time in the lungs, a stronger interferon response during a brief instance of viral replication would have facilitated stimulation of dendritic cells, eventually contributing to greater production of influenza virus-specific antibodies (15, 22, 30, 31) . By the time the animals were challenged, at day 21 postvaccination, differences in induction of interferon-sensitive genes among vaccine groups were no longer apparent (Fig. 9, middle cluster) . As expected, challenge reactivated these genes, but it did so to a lesser extent in animals vaccinated with the live attenuated virus (Fig. 9, right cluster) , which is consistent with our findings suggesting that these animals had an abbreviated and possibly attenuated innate immune response due to either the significantly reduced replication of the challenge virus (Fig. 3A) , the more robust adaptive immune response (Fig. 3B, C, and D and 8) , or both. 
DISCUSSION
Truncation of the nonstructural protein (NS1) of influenza virus to attenuate viruses and to produce live-vaccine prototypes has been explored in a series of in vitro (22, 40, 46, 52) and in vivo (20, 21, 41, 45) studies. The functions of NS1 as an inhibitor of the antiviral response and as a facilitator of viral replication in infected cells are well documented (5, 23, 29, 32, 35, 40) . Although the consequences of truncating NS1 to its first 126 amino acids have yet to be studied systematically, it is presumed that the truncation affects NS1 at multiple levels, including its ability to bind double-stranded RNA, because the truncation appears to destabilize the homodimer, the functional unit of the protein. Prior studies have supported such assumptions; for example, swine were protected during homologous and heterologous challenge by an NS1-truncated H3N2 influenza virus (41) whose attenuation was previously verified, as was its limited ability to replicate in interferon-competent cells (45) .
As with any live vaccine, the NS1-truncated virus was expected to result in stronger immune stimulation than the killed vaccine. Yet the low capacity of this virus to replicate, even locally, compared to other modified live influenza virus vaccines, along with the robust serum IgG response (17) , which is usually more characteristic of formalin-inactivated vaccines, lead us to believe that factors beyond the live nature of the vaccine, and perhaps unique to NS1 truncation or to the route of vaccination, may provide a better explanation for what we observed. We noted evidence of a strong type I interferon transcriptional response in the upper respiratory tract shortly after vaccination with the NS1-truncated virus. This induction, which most likely also took place in lower airways exposed to the live vaccine, was comparable to that observed with the wild-type virus in other groups within the same time frame after challenge (Fig. 9) . However, unlike after challenge, it took place in the absence of detectable viral replication in bronchial epithelial cells. While we have only indirect evidence that this could be the mechanism responsible for the observed differences in our study, previous experiments have shown a link between strong innate and adaptive immunity through interferon-induced acceleration of dendritic cell maturation and more efficient antigen presentation to T lymphocytes (22, 30, 31) . There is also evidence that B lymphocytes may be stimulated directly by interferon (15) , and our previous influenza virus experiments with macaques were in fact indicative of early B-cell stimulation following the virus-induced interferon response (2) . The lungs are also known to be a Th2-biased organ, signifying that antigens of any kind delivered directly to the respiratory tract will be presented preferentially to Th2 CD4 ϩ T cells and lead to the development of a strong humoral response (44, 45) , so it is reasonable to assume that the route of inoculation of the live vaccine did play a role in the results that were seen. Indeed, a key finding of the present study was The dendrogram at top center was obtained by performing a one-way ANOVA between the live attenuated vaccine group and the killed-vaccine group (P Յ 0.01; Benjamini-Hochberg false discovery rate). The final criterion for inclusion in this cluster was a Ն2-fold change (P Յ 0.01) in at least three of the experiments. The resulting set of genes was used to produce the side clusters illustrating transcriptional regulation in lungs of animals that received no vaccine and were challenged and in those of animals that received the live vaccine but were not challenged. Animals LV3 and LV4 had relatively more pathology than did LV1 and LV2, but less than all the animals in the killed-vaccine group. LV, live attenuated vaccine; KV, killed vaccine; NV, no vaccine. LV5 and LV6 were not challenged. The blue highlighted region, corresponding to higher induction in the killed-vaccine group, is comprised of ϳ33% immune response and ϳ18% interferon-induced genes.
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on February 21, 2013 by PENN STATE UNIV http://jvi.asm.org/ the much higher production of influenza virus-specific antibodies before and after challenge in animals that had received the live vaccine. Along with substantially greater percentages of influenza virus-specific CD4 ϩ T cells in blood 4 days after challenge, this suggested a larger peripheral pool of memory CD4 ϩ T cells induced by the live vaccine. These results were accentuated by the stronger induction of the adaptive immune response and relative repression of interferon and inflammatory pathways in lung tissue during challenge. This was a clinically important result considering the dysregulation of the innate immune response observed in mice and macaques infected with the fully reconstructed 1918 pandemic virus (25, 27) and the importance of humoral immunity in providing protection against this virus (28) . Conversely, the relative immaturity of the postchallenge immune response after vaccination with the killed or mock vaccine was further supported by the abundance of CD83 ϩ dendritic cells in lung tissue of these animals. Staining of tracheobronchial lymph nodes revealed similar but less dramatic differences (not shown), suggesting that animals in the killed-vaccine and no-vaccine groups were still in the early stages of antigen presentation 4 days after challenge.
The present study with pigtailed macaques demonstrates the protective potential of live influenza viruses attenuated through modification of the NS1 gene. The use of oligonucleotide arrays on lung and bronchial tissues served to validate the clinical findings and to further explore the effects of the trun- , and the no-vaccine group (average mature dendritic cell score, 2.5 out of 4). All photographs were taken at an optical magnification of ϫ10 (insets were taken at an optical magnification of ϫ20, with an additional digital magnification of ϫ2). cation on transcriptional control after vaccination as well as the effects of the vaccines on transcriptional induction after challenge. Compared to the TX91 NS1OE126 virus, the formalinkilled virus, although administered at the same dose as the commercial vaccine, was poorly immunogenic. This is consistent with its performance in previously unvaccinated children, for whom two doses of the killed vaccine are needed for consistent protection (37, 38) . On the other hand, a single vaccination with the truncated virus induced strong systemic immunity and also prevented inflammation in the upper respiratory tract following virus challenge, a finding in agreement with higher local IgA production following vaccination with live vaccines (17) and with the superior protective efficacy of live influenza virus vaccines, particularly for children (16) . Infections of mice with the fully reconstructed 1918 influenza virus have resulted in much stronger upregulation of interleukin-6 (IL-6) and IL-10 in lung tissue, both of which are normally secreted by activated dendritic cells, than in infections with less pathogenic viruses (25) . They also resulted in strong upregulation of CXCL2 and IL-8, both of which are neutrophil chemoattractants secreted in response to dendritic cell activation (14) . Vaccination with the TX91 NS1OE126 virus resulted in less induction of all of these cytokines after challenge than that in the other vaccine groups, in spite of the stronger antibody response, suggesting that an effective adaptive immune response is protective against overstimulation of dendritic cells in the lungs.
In conclusion, vaccination of pigtailed macaques with a human influenza virus attenuated by truncation of the NS1 gene resulted in significant protection of the animals against viral FIG. 8 . Diagrams produced with Ingenuity Systems, Inc., software show induced genes (shown in blue and identified by their HUGO symbols) involved in T-and B-cell receptor activation for each experimental group on day 25 (4 days postchallenge). Genes were selected to be included on all diagrams if they were induced twofold or more (P Յ 0.01) in half of any experimental group or, in the case of the live vaccine, any subgroup (for the purpose of gene selection, this group was subdivided into two subgroups reflecting the range of pathology observed). Genes on these diagrams are connected if the relationship between the resulting proteins is activation, expression, binding regulation, or inhibition. Solid lines denote direct relationships, and dotted lines denote indirect relationships. replication, local inflammation, and lung pathology during homologous challenge. This protection was achieved through strong induction of the humoral and cellular immune responses subsequent to vaccination, likely as a result of an early innate immune response despite the absence of detectable replication, resulting in more efficient maturation of dendritic cells. The intrarespiratory route of immunization also very likely contributed to enhancing the humoral response to the modified live vaccine. Therefore, NS1 truncation constitutes a promising means of attenuating influenza viruses for the purpose of devising live vaccines. Further modifications to genes encoding surface proteins of H5N1 viruses would be required to ensure the safety of the vaccine, and these vaccines may not be appropriate for all segments of the human population, but they have the potential to be protective after a single inoculation, they can be produced with far fewer eggs than those required for killed vaccines, and they do not require the use of internal genes from a cold-adapted strain, thereby decreasing the odds of recombination with circulating human viruses.
